Abstract: Traffic congestion in Northern New Jersey imposes a substantial time operational penalty on bus service. The purpose of this project was to quantify the additional travel time that buses need due to traffic congestion. A regression model was developed that estimates the travel time rate (in minutes per mile) of a bus as a function of car traffic time rate, number of passengers boarding per mile, and the number of bus stops per mile. The model was used to estimate the bus travel time rate if cars were traveling under free flow conditions, and the results were compared to the observed bus travel times.
INTRODUCTION
Traffic congestion imposes a substantial operational and monetary penalty on bus transportation by increasing the time required to provide service. Congestion in New Jersey is high and is forecasted to be greater in the future; traffic volumes are predicted to increase by seven percent by 2005 over the levels in 1998, and 18 percent by 2015.
(1) The roadway network in New Jersey currently operates at or above its desired capacity at many locations during peak periods. Consequently, even small increases in traffic volume will result in significant increases in traffic delay and cost. Transit buses operate almost exclusively in mixed traffic sharing New Jersey roadways with autos and trucks. Therefore, congestion will not only impact auto drivers and passengers and truck operators but also bus riders.
The purpose of this study is to quantify the impact of congestion on bus travel time in Northern New Jersey. The basic approach involved developing a model that estimates bus travel time as a function of overall car travel time. The model was then used to estimate the proportion of bus travel time due to the increase in traffic time over free flow conditions. The paper starts with a brief overview of previous studies of bus travel time. The second section covers collection and initial analysis of the data. The third section describes the development of the model of bus travel time. This is followed by a discussion of the implications of the model. The final section presents the conclusions of the study.
OVERVIEW OF TRAVEL TIME STUDIES
Studies of bus stop spacing and bus speeds have been performed since the early 1900's. In the years following World War II, transit speed and delay studies were conducted in many cities as part of traffic engineering programs. In the last 30 years a growing number of studies have analyzed the relation of bus speeds to stop spacing, dwell times at stops and traffic congestion.
Previous Travel Time Studies
A 1974 study by Wilbur Smith and Associates with others (2) showed the general relationship between bus stop spacing and traffic congestion, but did not quantify the latter.
In 1980, Levinson (3) conducted an analysis of bus travel times and speeds collected in a cross section of U.S. cities, to provide inputs for the transportation system modeling process. Three basic analyses were conducted:
• Bus and car speeds were compared;
• Bus travel times and delays were estimated from various field studies;
• Bus travel times were derived based upon dwell times, traffic congestion, actual acceleration and deceleration rates, and distance between stops.
Car speeds were generally 1.4 to 1.6 times as fast as bus speeds. The peak-hour bus travel times approximate 14 mi/h in suburbs, 10 mi/h in the city, and five mi/h in the CBD. The time in motion approximates 3.00 minutes per mile in the suburbs, 3 .90 min/mile in the central city) and 5.50 min/mile in the CBD. The passenger stops accounted for 0.50 min/mile in the suburbs, 1.20 min/mile in the city, and 3.00 min/mile in the CBD. The passenger dwell times ranged from 30 to 60 seconds per stop in the CBD, and the acceleration and deceleration time loss per stop averaged 11.13 seconds in the CBD.
As part of the Transit Capacity and Quality of Service Manual, St. Jacques and Levinson (4) summarized the impact of bus stop density, dwell time, and operating environment on bus travel time rates. See Table 1 . These studies estimated the impact of auto traffic on bus speeds based on empirical evidence.
Manhattan CBD Study
Another approach is to use car travel times as a basic input in estimating bus travel times. A 1997 study of the congestion impact on bus service travel times in Manhattan by McKnight and Paaswell (5) found that congestion affects bus speeds in several ways. The most obvious way was that the maximum speed at which the buses can operate between bus stops was limited by the flow of general traffic. Besides limiting the maximum speed of vehicles, heavy traffic causes additional delays due to a variety of situations such as double and triple parked cars and delivery vans, queues waiting to make right or left turns, taxis making sudden stops or turns to pick up passengers. The impact of these situations was often exacerbated for buses because of the buses' need for frequent access to the curb lane at bus stops.
Several congestion impacts were unique to buses on Midtown Manhattan streets. Heavy traffic delayed buses trying to pull into traffic after stopping at a bus stop. When the streets were congested, many service and delivery vehicles that cannot find legal street parking or stopping space, used the bus stops for short stops or double park immediately before or after the bus stop requiring a difficult maneuver for the bus to access the stop.
This study also found that the difference between bus and auto speeds is greater when the streets are more congested. See Table 2 . At the maximum speeds recorded in the study, cars are moving 1.69 as fast as buses, close to the range reported in Levinson. (3) However, at the lowest speed, car speeds are 2.36 as fast as bus speeds. This is consistent with the observation that under very congested conditions, buses are doubly affected: first, by the low speed of the stream of traffic, and second by interference from other vehicles when moving in and out of the stream of traffic at bus stops.
McKnight and Paaswell
(5) also developed a regression model for New York City Transit (NYCT) that showed the relationship between bus travel times and general traffic travel times: BT = 2.6 + 0.57 AT + 0.0079 P + 0.39 BS + 0.54 NS (1) where BT = bus travel time (minutes per mile) AT = automobile travel time (minutes per mile) P = passengers boarding all buses per hour in route segment per mile BS = bus stops per mile NS = 1 for routes operating primarily north/south, 0 otherwise
DATA COLLECTION AND INITIAL ANALYSIS
The main task of the project was to model bus travel time rates in terms of car travel time rates (minutes per mile). The dependent variable was the travel time rate (minutes per mile) of one bus trip on a given segment of route. The primary explanatory variable was a measure of traffic level, expressed in the same form as bus travel time rate for the same route segment. In addition, variables that represent other causes for bus delays, such as passengers boardings and alightings, number of bus stops, number of traffic signals, and geometry of the roadways and route, were collected.
The basic unit of analysis was one bus traveling on one route segment. A route segment was defined as a section of the route between two adjacent time points, a time point (TP) being the location at which the schedule has a recorded time. The analysis used data from two routes (59 and 62) in northern New Jersey. See Figure 1 . Both routes are local routes, traveling from downtown Newark through several suburbs. The roads that the buses travel vary from arterials to collectors and from two to four lanes, with and without street parking. They travel through commercial, industrial, residential, and quasi open land.
Three types of data were needed for the analysis: bus operational characteristics for each run on each segment (e.g., travel time, passenger boardings); characteristics of the route and street layout (which would be constant for a specific segment); and data on traffic. Bus operational data were obtained from two sources. For the largest proportion of data, study team members rode the buses, recording time between time points, frequency of bus stopping for passenger activity, and numbers of passengers boarding and alighting at each stop. This information was supplemented by data from automatic passenger counting (APC) equipment which included GPS locating capability. Eight buses had the APC equipment that recorded the above information by precise location and time.
The data on route and street layout included segment length, number of traffic signals, and number of left turns in the route. It was collected and checked by both the team members on the buses and by team members following the route in cars.
Travel times by car between time points were recorded during several car trips. For Route 59, 10 outbound car trips and eight inbound car trips were made; for Route 62, there were eight outbound and nine inbound trips. The car trips were classified by time of day -AM peak (7 AM to 10 AM), Midday (10 AM to 4 PM), PM peak (4 PM to 7 PM), or post PM peak ( after 7 PM). The times for each period were averaged and then converted to car travel time rates by dividing by the distance between time points
The final data set included 690 records, each record represented one bus trip on one route segment. There were 27 route segments for route 59 in the data set, 13 for bus trips from Newark to Dunellen and 14 for bus trips from Dunellen to Newark. There were 11 route segments for route 62, six from Penn Station Newark to Elizabeth and five for trips from Elizabeth to Newark. (Only part of Route 62 was included due to lack of enough car trips on the remainder of the route.) The preliminary analysis was done using Excel and SPSS and modeling was done using SPSS. Table 3 presents the descriptive statistics for the basic variables. The variables included are:
Data Description

Bus time
The time in minutes for a bus (during one trip) to travel the length of a route segment; the time is measured from the time the door closes at the first time point to the time it closes at the second time point Distance
The length (in miles) of the route segment Bus stops
The number of designated bus stops in the route segment; the bus may not have stopped at all of them in a specific observed trip Actual stops
The number of times that the bus actually stopped at designated bus stops to load or unload passengers in the route segment Ons
The number of passengers that boarded the bus in the route segment during the observed trip Offs
The number of passengers that alighted from the bus in the route segment during the observed bus trip Traffic signals
The number of signalized intersections in the route segment; this is not the number of times that the bus stopped at a signal TRB 2004 Annual Meeting CD-ROM Paper revised from original submittal.
Left turns
The number of bus left turns in the route segment Note that distance, bus stops, traffic signals, and left turns are constant for a given route segment, while bus time, ons, and offs are specific to one bus trip and route segment.
The route segments varied from 0.48 miles to 5.31 miles in length, and the times that buses took to travel the segments varied from 1.73 minutes to over a half hour. (The variation in time reflects both differences in segment length and differences in bus speed on a specific segment.) The most variation (as measured by the segment-to-segment coefficient of variation) occurs in the numbers of passengers boarding a bus in one bus trip on each route segment, the numbers of passenger getting off a bus, and the number of left turns in a route segment.
To control for the differing lengths of the route segments, the variables were standardized by segment length. Table 4 presents the basic descriptive statistics for the standardized variables. Bus speeds varied from approximately four miles per hour to almost 33 miles per hour, while car speeds varied from about seven mi/h to 34 mi/h. While the minimum, maximum, and mean values for bus speeds are all lower than the respective statistics for cars, the ratio of bus travel time to car travel time is less than one for a few records. This may be in part because the observations for cars were not collected at the same time as those for buses. The range of operating conditions in the data set for the buses probably varied more than those for cars.
Relationships Among Variables
Bus travel time is plotted against potential explanatory variables in Figure 2 . Figure 2a shows bus travel time plotted against car travel time. While there is considerable "scatter," a distinct positive relationship can be seen. The majority of the observations are above the 1=1 diagonal line, indicating that most buses were moving slower than the average car times recorded for the time period and route segment. Route 59. Bus travel time rates inbound are greatest during the midday and PM peak, while outbound travel time rates are about the same throughout the day. The ratios of bus to auto travel time rates range from 1.15 to 1.40 inbound and 1.20 to 1.46 outbound. Route 62. Bus travel time rates inbound and outbound are greatest in the AM peak periods. The ratio of bus to auto time range from 1.28 to 1.59.
The graphs indicate that time of day does have some effect but it is not the major factor in determining travel times.
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MODEL OF BUS TRAVEL TIME Modeling Process
Multiple regression analysis was used to relate bus travel time to traffic level. The dependent variable was travel time rate for one bus run on one route segment measured in minutes per mile. The average car travel time rate on the route segment during the same period of day was the measure of traffic level.
Other independent variables included passengers boarding, passengers alighting, number of bus stops, number of traffic signals, turns, etc. The correlations between these input variables and the dependent variable, bus travel time in minutes per mile, is shown in Table 5 . All of the variables show strong correlations with bus travel time (their correlations are significant at 0.99). However, most of the potential input variables also have strong correlations with car travel time.
Summary Of Models
Many linear regression models were tried, starting with the simplest one of bus travel time as a function of car travel time. A few models with the constant forced through zero were also tried. A few non-linear forms were tried, but they were inferior to the linear models; further, the graphs of bus travel times versus the other variables (see previous chapter) did not suggest non-linear relations. Table 6 summarizes the main models that were tested. Each row represents a model of bus travel time, from the simplest at the top to the most complex at the bottom. Basic statistical measures of the model are shown at the right. Note that the number of records for the models varies because some records were missing data for either left turns or traffic signals or both. All of the coefficients in the table were significant at the 95% or higher level, and most were significant at the 99% level. With additional variables, the explanatory power of the models reached 63 percent. The coefficient for car travel time decreases as additional independent variables are added because of the inter-correlation between car travel time and the other variables. In some cases the reason for correlation with car travel time is obvious (e.g., left turns and traffic signals slow cars just as they do buses). The correlation between car travel time and passenger related variables is because passenger activity is high in the same areas where vehicular traffic is high, e.g., downtown shopping areas.
Passenger activity was included in three forms: Passenger boardings per mile; the sum of passenger boardings and passenger alightings per mile; and passenger boardings per mile and passenger alightings per mile as separate variables. Including both boardings and alightings as separate variables increases the explanatory power of the models by a slight amount, while weakening the significance of the model (i.e., lowering the F-value). As seen in Table 6 , forcing the constant to be zero results in higher coefficient for car travel time rate.
Preferred Model
The model used to estimate the impact of traffic congestion is: This relatively simple model includes the two primary ways that buses differ from other traffic: they stop at bus stops and they wait while passengers board. Using Ons and Offs instead of just Ons might seem more logical and it does produce a slightly better model (F-value is higher), but it would require additional work to gather or estimate variables to use the model in a predictive procedure. Further, the most important coefficient for current purposes, that of car travel time is the same in both models.
The use of actual stops instead of total bus stops also appears more logical, but the models with actual stops are poorer (lower R 2 and F). Also actual stops have to be estimated, while total bus stops is within the control of the agency and known.
However, there may be a logical appeal to a model without a constant term. The model of bus travel time rate without the constant that is most similar to the preferred model is as follows: BTT = 0.80 CTT + 0.06 Ons + 0.37 BS
The coefficient of general traffic travel time rate is about 10 percent higher, and the coefficient for the number of bus stops per mile also increases, but the model is very similar to model (2) . Reasons for keeping the constant term in the model are that there may be a non-proportional reason for buses to be slower than traffic, for instance, less maneuverability of the larger vehicle, that is reflected by the constant term, and the inability to use the R 2 for evaluating models. Additionally, when bus speeds were estimated as a function of car speeds using the model above and the model with the same explanatory variables with the constant suppressed, the results varied by less than a half mile per hour over the range of variables in the data set.
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IMPLICATIONS OF THE MODEL
The model has a straightforward logic. Bus travel time rates are roughly equivalent to traffic travel time rates plus the number of stops multiplied by the time lost in decelerating and accelerating and the number of boarding passengers times the service time per passenger. The coefficient of bus stops (0.31 minutes per bus stop) represents 18 seconds lost during deceleration and acceleration. The coefficient for passenger boardings (0.06 minutes per boarding) represents 3.6 seconds service time per passenger and is within the range reported in the Transit Capacity and Quality of Service Manual.
(6) Figure 4 shows the impact of car speeds on bus speed assuming that the number of bus stops and boarding passengers are constant (four bus stops per mile and five boarding passengers per mile, close to the means in the database were used). The model implies that as car speeds increase from eight mi/h to 30 mi/h bus speed would increase from eight mi/h to 17 mi/h.
The regression coefficients of the New Jersey model (equation 3) are similar to those found in the Manhattan study (equation 1).
(5) The difference in the coefficient of average travel time rate of traffic implies that there is a stronger relation between general traffic and bus speeds in New Jersey. This might be due to the more complex operating environment in Manhattan, with double parked cars, many pedestrians who often spill over into the streets, narrower streets, and other factors. The impact of a specific variable on the bus travel time rate depends both on the coefficient and the magnitude of the variation of the variable. Table 7 shows how the explanatory variables impact bus travel time rate, using the 90 percent range (i.e., from the 5 th to 95 th percentiles) of the independent variables in the data base. (The top and bottom five percent were removed to reduce the influence of extremes; standard deviations were not used because the passenger boardings are skewed toward zero.) The table indicates that a variation in car travel time rates of 4.7 minutes per mile results in a 3.43 minute increment in bus travel time rate. A 90 percent range increment of passenger boardings per mile (20.4) results in a 1.22 minute per mile increment in bus travel time, and a 90 percent range increment of bus stops per mile (4.9) results in an increase of 1.58 minutes per mile for travel time rate buses. Thus, the impact of (observed) variations in traffic time is more than twice as large as that of passenger boardings and bus stops, at least for conditions encountered in Northern New Jersey. Table 8 shows the application of the model to estimate bus travel times on Route 59 if there were no traffic congestion. Free flow traffic speeds for Route 59, which operates on arterials, were estimated to be 27 mi/h throughout the route, or 2.22 minutes per mile. The observed car travel time rate and the assumed car travel time rate for free flow conditions are shown in columns 3 and 4 . Column 5 is the average observed boardings per mile and column 6 is the number of bus stops per mile for each route segment. Column 7 is the bus travel time rate predicted by the model using the values in columns 4, 5, and 6 for the three input variables. This represents the estimated bus travel time rate under free flow conditions. In column 8, the rate is converted to minutes by multiplying by the route length (column 2). Columns 9 and 10 show the average observed times and the scheduled times for each route segment. (Segments 6 to 7 and 7 to 8 (from Broad and Grand to Jersey and Elmora, in Elizabeth) were combined because of difficulties collecting data; segment 6 to 7 was exceedingly short (less than a tenth of a mile) and bus made a left turn that was prohibited to cars in the 7 to 8 segment.)
The difference between the predicted and observed bus times represents the degradation of bus times due to traffic congestion. There are a few segments where the predicted time is longer than the observed, most notably segment 15 to 13 in the inbound direction, but generally the predicted times are close or less than the observed times. The total predicted bus time for the complete trip (Newark to Dunellen) under free flow conditions is about 12 minutes shorter than scheduled for the outbound direction and ten minutes shorter than scheduled for the inbound direction (Dunellen to Newark). Thus congestion has increased running time on this route by 12 to 15 percent.
CONCLUSIONS
The model of bus travel time rate reflects the dynamics of bus movement. Specifically, bus travel time rates (in minutes per mile) increase proportionally with car travel time rates, stopping at a bus stop adds approximately 18 seconds and each boarding passenger adds three to four seconds to travel time per mile. When the New Jersey model is compared to the similar model developed for Manhattan (5) (equation 1), the impact of bus stops is similar, each bus stop in Manhattan adding 23 seconds to the travel time rate. However, a comparison of the coefficients for car travel time rate (0.57 in Manhattan and 0.73 in Northern New Jersey) implies that the impact of the traffic speeds was significantly greater in New Jersey than in Manhattan, perhaps because the operating environment in Manhattan is more complex, with factors such as double parked vehicles and pedestrian congestion also influencing bus speeds. Thus, car traffic influences bus travel times more strongly in northern New Jersey.
The New Jersey model suggests that improvements in car traffic flow (for example, from reductions in volume, improved signal timing, parking controls or other) will benefit bus operations. For example, if car speeds were increased by five mi/h from 15 mi/h to 20 mi/h while the number of passengers boarding per mile and the number of bus stops per mile are held constant at the averages in the data set, bus speeds could be expected to increase 11.7 to 13.7 mi/h. This corresponds to a savings of about 1.5 minutes per mile or over a 10 mile trip, about a quarter hour. Isolating bus traffic from car traffic by providing bus lanes would also improve bus speeds. Table 1 Recommended Bus Travel Times for Various Stop Spacing, Dwell Times, and Operating Environments Table 2 Midtown Manhattan Bus and Auto Travel Times and Speeds Table 3 Descriptive Statistics of Basic Variables  Table 4 Descriptive Statistics of Standardized Variables Table 5 Correlations of Travel Time Variables Table 6 Summary of Models of Bus Travel Time Table 7 Relative Impact of Explanatory Variables on Bus Travel Time Table 8 Estimated Bus Travel Time under Free Flow Conditions Figure 1 Map of Routes 59 and 62 Figure 2 Relation of Bus Travel Time to Other Variables Figure 3 Bus and Car Travel Time Rates by Period of Day  Figure 4 The Impact of Decreasing Traffic Speed on Bus Speed and Travel Time Rate Coefficients in ( ) are not significant at the 99% level. Note a: Origin was forced through origin. R square is not comparable. 
